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TONGUE STIMULATION FOR 
COMMUNICATION OF INFORMATION TO A 

USER 

RELATED APPLICATION 

The present application claims the benefit of priority to 
U.S. Provisional Application No. 61/974.866, titled “Device 
and Method for Electrical and Electrochemical Stimulation 
of the Tongue, filed Apr. 3, 2014, the contents of which are 
hereby incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

The present application relates to medical apparatus and 
methods. More specifically, the present application relates to 
stimulation of the tongue of a user for communication of 
information to the user. 

BACKGROUND OF THE INVENTION 

Persons suffering from the reduction or loss of one or 
more sensory capabilities (e.g., the sense of sight, hearing, 
balance, or touch) typically suffer a restriction in the amount 
and/or quality of sensory information Such persons may 
receive. Such reduction of sensory information may be 
caused by birth defects, bodily injury, and so on. In some 
examples, medical devices have been developed to allow a 
person to regain some level of lost sensory capability in 
Some cases. For example, hearing aids, cochlear implants, 
and other devices designed to interact with the human ear 
have served to enhance the hearing capabilities of those 
Suffering from some types or severities of hearing loss. 
However, Such devices do not address all types of hearing 
loss issues. 

To address Such issues in other ways, systems have been 
developed to employ an unimpaired sense of a user to relay 
information that would ordinarily be received via another 
sense that is impaired for that particular user. For example, 
Braille is a tactile writing system that facilitates reading of 
written materials by the visually impaired. More recently, 
screen reader software has been developed that interprets 
information to be presented on a computer Screen and 
presents that information via text-to-speech (TTS) or other 
audio or tactile output. Closed captioning has long been 
employed to provide speech and other audio information via 
text displayed on a television or motion picture screen. 
Descriptive Video Service(R) (DVS) is a video description 
service that provides additional audio information (e.g., 
speech) descriptive of the visual information being pre 
sented in a movie or television program. 
Some electronic systems have been designed to provide 

visual information by way of a tactile input. Such systems 
are often called “tactile visual substitution systems” (TVSS). 
Some recent academic research has been focused on 
employing the human tongue as a conduit through which 
visual information may be communicated to the user. This 
type of TVSS is termed a "tongue display unit' (TDU), 
which may be employed as a type of tactile visual Substi 
tution device, includes an array of electrodes configured to 
apply electro-tactile stimulation in one or more patterns to 
areas of the dorsal (upper) side of a users tongue to relay the 
visual information. The electrodes may be arranged on a 
medium to be placed in the mouth atop the tongue of the 
user. The electrodes are connected by multiple wires to a 
signal generator located outside the body and controlled via 
a microcontroller so that the signal generator produces 
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2 
stimulation pulses for application to the tongue via the 
electrodes. Using Such systems, the average human tongue 
may be able to sense about a one order of magnitude 
difference in electro-tactile stimulation, from a low stimu 
lation level that is just barely perceptible, to a high stimu 
lation level at which the perceived stimulation starts becom 
ing uncomfortably intense. 

With the above concepts in mind, as well as others not 
explicitly discussed herein, various embodiments of systems 
and methods for tongue stimulation for communication of 
information to a user are disclosed herein. 

SUMMARY 

In one embodiment, a tongue stimulation device may 
include a body to be placed entirely within a mouth of a user 
and atop the tongue of the user, an array of electro-tactile 
elements distributed on the body to stimulate corresponding 
areas of the tongue, a wireless receiver to receive stimulation 
information wireless from outside the mouth of the user, and 
at least one processing unit to transform the received stimu 
lation information into a stimulation signal for each of the 
electro-tactile elements and to provide the stimulation sig 
nals to the electro-tactile elements. 
While multiple embodiments are disclosed, still other 

embodiments of the present invention will become apparent 
to those skilled in the art from the following detailed 
description, which depicts and describes illustrative embodi 
ments of the invention. As will be realized, the invention is 
capable of modifications in various aspects, all without 
departing from the scope of the present invention. Accord 
ingly, the drawings and detailed description are to be 
regarded as illustrative in nature and not restrictive. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an example tongue stimu 
lation system. 

FIGS. 2A and 2B are graphical representations of an 
upper side and a lower side, respectively, of an example 
mouthpiece of the tongue stimulation system of FIG. 1. 

FIG. 3 is a block diagram of an example stimulation 
element array of the tongue stimulation system of FIG. 1 in 
which the stimulation elements are electrical or electro 
tactile stimulation elements. 

FIG. 4 is a block diagram of an example stimulation 
element array of the tongue stimulation system of FIG. 1 in 
which the stimulation elements are thermal stimulation 
elements. 

FIG. 5 is a block diagram of an example stimulation 
element array of the tongue stimulation system of FIG. 1 in 
which the stimulation elements are chemical stimulation 
elements that employ a degradable polymer. 

FIG. 6 is a block diagram of an example stimulation 
element array of the tongue stimulation system of FIG. 1 in 
which the stimulation elements are chemical stimulation 
elements that employ an ion-conducting polymer. 

FIG. 7 is a block diagram of an example stimulation 
element array of the tongue stimulation system of FIG. 1 in 
which the stimulation elements are chemical stimulation 
elements that employ microfluidic devices. 

FIG. 8 is a graphical representation of an example micro 
fluidic device that may be employed in the example stimu 
lation array of FIG. 7. 

FIG. 8A is a graphical representation of another example 
microfluidic device that may be employed in the example 
stimulation array of FIG. 7. 
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FIG. 9 is a graphical representation of an example chemi 
cal element array employing isolated microfluidic wells. 

FIG. 10 is a graphical representation of an example 
chemical element array employing interconnected microflu 
idic wells. 

FIG. 11 is a block diagram of an example stimulation 
element array of the tongue stimulation system of FIG. 1 in 
which the stimulation elements include electrical, thermal, 
and chemical stimulation elements. 

FIG. 12 is a flow diagram of an example method of 
stimulating the tongue of a user. 

FIG. 13 is a flow diagram of an example method of 
stimulating the tongue using information representing 
sensed sound waves. 

FIG. 14 is a flow diagram of an example method of 
stimulating the tongue using sensed sound waves to aid in 
learning a second spoken language. 

FIG. 15 is a flow diagram of an example method of 
stimulating the tongue as therapy for tinnitus and other 
hearing impairment. 

FIG. 16 is a flow diagram of an example method of 
stimulating the tongue as therapy for a psychological con 
dition. 

FIG. 17 is a flow diagram of an example method of 
stimulating the tongue to map one or more types of sensory 
information to the tongue. 

FIG. 18 is a flow diagram of an example method of 
stimulating the tongue to facilitate augmentation or dimi 
nution of taste, such as during consumption of food or 
medication. 

FIG. 19 is a block diagram illustrating an example of a 
computing device or computer system that may be employed 
to implement the embodiments described herein. 

DETAILED DESCRIPTION 

The following detailed description relates to stimulation 
of the human tongue for a variety of purposes. In one 
example, a tongue stimulation device may include a body to 
be placed entirely within a mouth of a user and atop the 
tongue of the user, an array of electrical (or electro-tactile) 
elements distributed on the body to stimulate corresponding 
areas of the tongue, a wireless receiver to receive stimulation 
information wirelessly from outside the mouth of the user, 
and at least one processing unit to transform the received 
stimulation information into a stimulation signal for each of 
the electro-tactile elements and to provide the stimulation 
signals to the electro-tactile elements. The use of wireless 
communication to receive the stimulation information at the 
at least one processing unit may allow more intensive 
processing of sensor information and other data to occur 
outside the environment of the mouth of the user, thus 
facilitating a small tongue stimulation device capable of 
residing entirely within the mouth without attaching the 
tongue stimulation device to components external to the 
mouth. 

In other examples, the electrical elements may be supple 
mented or replaced by thermal elements that may heat or 
cool corresponding portions of tongue, and/or chemical 
elements that may provide one or more taste sensations to 
corresponding areas of the tongue. By combining two or 
more types of stimulation elements, the overall dynamic 
range of Stimulation information that may be presented to 
the user via the tongue may be increased, thus allowing more 
varied types of information, such as, for example, audio 
information, to be presented via the tongue. 
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4 
Other aspects and potential advantages of the embodi 

ments disclosed herein are also presented below. 
FIG. 1 is a block diagram of an example tongue stimu 

lation system 100. The tongue stimulation system 100 may 
include a mouthpiece 101 or other body upon which a 
stimulation element array 102 is located such that each of the 
elements of the stimulation element array 102 is located 
adjacent to or proximate a corresponding area of the tongue 
of a user when the mouthpiece 101 is positioned upon an 
upper Surface of the tongue. Also connected to, coupled 
with, or located on the mouthpiece 101 may be an array 
controller 104, a power source 106, and a wireless receiver 
or transceiver 108. As employed herein, a transceiver may 
operate as both a receiver and a transmitter. In addition, one 
or more internal sensors 109 also may be employed. Other 
components or devices, such as memory, discrete compo 
nents (e.g., resistors, capacitors, etc.), and so on may also be 
included with the other components associated with the 
mouthpiece 101 in other examples. 

In some examples, the tongue stimulation system 100 
may also include components that are not mechanically 
attached or physically connected to the mouthpiece 101 or 
components located thereon, Such as, for example, a second 
wireless transmitter or transceiver 110, one or more com 
puting devices 112, one or more sensors 114, a communi 
cation network 116, and/or one or more remote computing 
devices 118. In some examples, each of the components 
110-118 may be located external to the mouth of the user to 
minimize the amount of hardware attached or connected to 
the mouthpiece 101, thus potentially maximizing comfort of 
the user when wearing the mouthpiece 101. 

Generally, the elements of the stimulation element array 
102 may be positioned at distinct locations on the mouth 
piece 101 So that each element may contact a corresponding 
area of the tongue when the user is wearing the mouthpiece 
101. A graphical representation of an example stimulation 
element array 102 distributed about the mouthpiece 101 is 
provided in FIGS. 2A and 2B, described in greater detail 
below. 

Each of the elements of the stimulation element array 102 
may be, for example, an electrical (or electro-tactile) ele 
ment, a thermal element, or a chemical element. As is 
discussed below, multiple types of elements (e.g., electrical, 
thermal, and chemical elements) may be employed to pro 
vide different types of tongue stimulation to distinct areas of 
the tongue simultaneously. Each of the different possible 
types of elements is discussed in greater detail below in 
conjunction with FIGS. 3-11. 
The array controller 104 may be configured to control 

each of the elements of the stimulation element array 102 by 
providing at least one stimulation signal to each of the 
elements. Each of the stimulation signals may depend on the 
type of element (e.g., electrical, thermal, or chemical) being 
driven, the location of the element relative to the tongue of 
the user, the type of information to be relayed to the user via 
the tongue (e.g., visual information, audio information, and 
so on), Stimulation information received via the receiver or 
transceiver 108, and other factors. In some embodiments, 
the array controller 104 may generate the stimulation infor 
mation based on information stored internally with the array 
controller 104, on sensory information received from one or 
more internal sensors 109 located in the mouth of the user 
or other portion of the body of the user, and/or on other 
information. In one example, the array controller 104 may 
include a dedicated signal output for each stimulation signal 
to the generated. In another example, the array controller 
104 may address some Subset of the elements at any one 
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time and provide the stimulation signals to the addressed 
elements during that time, followed by addressing and 
stimulating another Subset of elements, possibly in a repeat 
ing fashion. In one example, the array controller 104 may be 
one or more microcontrollers or other algorithmic proces 
sors that execute a set of instructions to generate the stimu 
lation signals. In another embodiment, the array controller 
104 may be one or more hardware logic components, such 
as application-specific integrated circuits (ASICs) or other 
hardware logic devices. In yet other examples, the array 
controller 104 may include a combination of hardware, 
Software, and/or firmware components or modules. The 
array controller 104 may also use various passive compo 
nents (e.g., resistors, capacitors, electrodes, etc.) to provide 
the stimulation signals to the elements of the stimulation 
element array 102. In some examples, the array controller 
104 may utilize one or more electronic components to 
control the Voltage or current level of the stimulation signals, 
possibly including, but not limited to, one or more analog 
multiplexers. 
The internal sensors 109 may be sensors located within 

the body of the user or, more specifically, within the mouth 
of the user. For example, the internal sensors 109 may detect 
salinity or other characteristics in the mouth of the user. In 
some embodiments, the internal sensors 109 may detect 
other chemicals, such as those associated with food being 
consumed by the user. In response to output from the 
internal sensors 109, the array controller 104 may generate, 
modulate, or alter the stimulation signals being provided to 
the stimulation element array 102. Such as, for example, to 
enhance or reduce the ability of the user to taste a particular 
food or medication. 
The power source 106 may be configured to deliver 

electrical power to the stimulation element array 102, the 
array controller 104, and/or receiver or transceiver 108 to 
facilitate the tonguestimulation described more fully below. 
In some examples, the power source 106 may be one or more 
batteries, capacitors, or other potential storage devices for 
electrical charge. 
The receiver or transceiver 108 may be configured to 

receive stimulation information wirelessly from the trans 
mitter or transceiver 110 located external to the mouth of the 
user, and to provide the received stimulation information to 
the array controller 104. The transceivers 108 and 110 may 
communicate over any wireless communication protocol, 
including, but not limited to, Wi-FiR) and Bluetooth R. 
The transceiver 110 may be configured to receive the 

stimulation information from the computing device 112. 
Examples of the computing device 112 may include, but are 
not limited to, desktop computers, laptop computers, tablet 
computers, Smartphones, gaming systems, and other proces 
sor-based systems. The computing device 112 may be con 
figured to store previously generated Stimulation informa 
tion in memory and then provide the stimulation information 
via the transceiver 110 to the array controller 104, possibly 
in a repeating manner. In another example, the computing 
device 112 may generate the stimulation information on an 
ongoing basis, transmitting the stimulation information to 
the array controller 104 via the transceiver while generating 
new stimulation information, in a kind of pipelined manner. 
In some examples, the wireless transceiver 110 may be 
incorporated within the computing device 112. In other 
embodiments, the wireless transceiver 110 may be a Wi-FiR) 
router or wireless access point (WAP), or any other wireless 
transceiver or transmitter device. 

Further, the generation of the stimulation information may 
be based on other information received by the computing 
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6 
device 112. Such as, for example, sensor information 
received from one or more external sensors 114. Such 
sensors 114 may include, but are not limited to, audio or 
Sound sensors, still image sensors, video or moving image 
sensors, touch or impact sensors, orientation sensors, inertial 
sensors, aroma sensors, chemical sensors, positioning sys 
tems (e.g., Global Positioning System (GPS)), and so on. In 
Some embodiments, the computing device 112 may then 
generate stimulation information that represents the raw 
sensor data received from the one or more sensors 114. In 
other examples, the computing device 112 may process the 
received sensor data from the sensors 114 to generate 
stimulation information that represents some characteristic 
of the sensor data, or that represents other information 
contained within the sensor data. For example, the comput 
ing device 112 may generate data representative of a spoken 
language based on data from an audio sensor, such as a 
microphone, that captures audio or sound waves of human 
speech. In some embodiments, the computing device 112 
may include one or more of the sensors 114. Such as a 
Smartphone that includes a microphone, camera, orientation 
sensors, GPS receiver, and the like. 

In some examples, the computing device 112 may also 
receive the stimulation information, or information upon 
which the stimulation information is to be based, from a 
remote computing device 118 by way of a communication 
network 116. Such as, for example, a local area network 
(LAN), a wide area network (WAN) (e.g., the Internet), a 
cellular network (e.g., a third generation (3G) or fourth 
generation (4G) network), or another communication net 
work or connection. The remote computing device 118 may 
be, for example, a computer server or any other computing 
device, including those mentioned above in conjunction 
with the computing device 112. The data received from the 
remote computing device 118 may be the stimulation infor 
mation to be provided to the array controller 104, or any data 
upon which the stimulation information is be based, possibly 
including stored information, sensor information, and so on. 

In some examples, the transceiver 108 may also transmit 
information to the transceiver 110, which may receive and 
forward that information to the computing device 112 and/or 
the remote computing device 118. Such information may 
include, for example, output data from the internal sensors 
109, diagnostic information generated by the array control 
ler 104, and the like. 
The electronic components employed in the mouthpiece 

101, as described above, may be assembled using printed 
circuit boards, molded or printed plastics, and/or commer 
cially available electronic components. 

FIGS. 2A and 2B are graphical representations of an 
upper side 200A and a lower side 200B, respectively, of an 
example of the mouthpiece 101 of the tongue stimulation 
system 101 of FIG. 1. In this example, the mouthpiece 101 
may be a polymer or composite material fashioned to be 
located atop the tongue of the user Such that at least a 
majority of the top of the tongue contacts the mouthpiece 
101. Other materials may be employed for the mouthpiece 
101 in other embodiments. The mouthpiece 101 may also 
include one or more areas (not shown in FIGS. 2A and 2B) 
that may allow the user to clamp the mouthpiece 101 
between upper and lower teeth to maintain the position of 
the mouthpiece 101 within the mouth. In some examples, the 
mouthpiece 101 may be heated or otherwise processed to 
allow the user to fashion the mouthpiece 101 to a shape that 
is comfortable for the user. In yet other examples, a scan or 
mold of the mouth and/or tongue of the user may be 
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performed, with the resulting information from the scan or 
mold being used to manufacture a custom mouthpiece 101 
for that particular user. 
As shown in FIG. 2A, several of the components 

described earlier corresponding to the mouthpiece 101, such 
as, for example, the array controller 104, the power source 
106, the transceiver 108, and/or the internal sensors 109, 
may reside on the upper side 200A. While FIG. 2A depicts 
a particular size and configuration for the components 104. 
106, 108, and 109, other sizes and arrangements may be 
employed in other examples. Not shown, but possibly 
included in the components provided with the mouthpiece 
101, are an on/off switch for the circuitry attached to the 
mouthpiece 101 that may be activated by a finger, teeth, lips, 
or tongue of the user. In other example, the power state of 
the mouthpiece 101 may be controlled externally and wire 
lessly, Such as by way of a Smartphone or other computing 
device 112. Further, the components associated with the 
mouthpiece 101 may be covered by a smooth layer of 
polymer or other material to render the mouthpiece 101 
more comfortable to the user in some implementations. 
Further, the mouthpiece 101 could be molded from plastic, 
generated using a three-dimensional (3D) printer, or the like. 

In FIG. 2B, individual stimulation elements 202 of the 
stimulation element array 102 are shown distributed on the 
lower side 200B of the mouthpiece 101 such that each 
stimulation element 202 corresponds to a particular area of 
the tongue of the user. In some examples, the stimulation 
elements 202 may be substantially arranged in rows, col 
umns, or other arrangements in a regular manner. In other 
examples, such as that shown in FIG. 2B, the stimulation 
elements 202 may be arranged in higher densities, or may be 
of a smaller or larger area or size, in Some areas of the tongue 
compared to other areas. For example, Some areas of the 
tongue, such as the tip, may be more sensitive to electrical 
or thermal stimuli than others. Accordingly, more electrical 
and/or thermal stimulation elements may be grouped more 
densely near the tip of the tongue compared to other areas. 
In other embodiments, various areas of the tongue may be 
more sensitive to Sour tastes, while other areas of the tongue 
may react more strongly to Sweet tastes. As a result, in 
examples in which multiple types of stimulation elements 
are employed, each type of element may or may not be 
grouped differently over the surface of the tongue to be 
stimulated. Electrodes for electrical stimulation elements 
could be manufactured as part of a printed circuit board 
(e.g., a flexible printed circuit board that may conform to the 
shape of the tongue), by Sputter-coating materials onto the 
mouthpiece 101, by electroplating the electrodes onto the 
mouthpiece 101, by 3D-printing the electrodes, or the like. 
Chemical stimulation elements may be fabricated using 
3D-printing, sputter-coating, electrochemical plating, injec 
tion molding, or other techniques. Thermal stimulation 
elements may be fabricated using many of these same 
manufacturing processes. 

FIG. 3 is a block diagram of an example stimulation 
element array 104 of the tongue stimulation system 100 of 
FIG. 1 in which the stimulation elements are electrical or 
electro-tactile stimulation elements 302. In one example, the 
electrical stimulation elements 302 are configured to apply 
a voltage across, or Supply an electrical current through, a 
corresponding area of the tongue to elicit a tactile response 
at that area. More specifically, FIG. 3 illustrates a particular 
electrical stimulation element 302 in which a capacitor C 
couples an output of the array controller 104 to an electrode 
304 configured to contact an area of the tongue. Also in this 
example, each of two resistors R1 and R2 couple opposing 
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8 
ends of the capacitor to ground. However, in other embodi 
ments, the electrical stimulation element 302 may incorpo 
rate circuits other than that shown in FIG. 3. 

In an example, an output of the array controller 104 may 
provide stimulation signals that include multiple bursts of 
voltage pulses to the electrode 304 to elicit the intended 
magnitude and duration of tactile sensation desired at the 
affected area of the tongue. Further, the array controller 104 
may be employ different lengths of bursts and/or pulses for 
different stimulation elements 302, and vary the stimulation 
signal for each element over time to relay stimulation 
information to the various areas of the tongue. 

In other examples, the electrical or electro-tactile stimu 
lation element 302 may be a MEMS (microelectromechani 
cal system) device that provides some stimulation, such as 
a vibration of a particular frequency and/or magnitude, in 
response to an electrical stimulation signal provided to the 
element 302. In some examples, the frequency and/or mag 
nitude of the vibration may be varied in response to par 
ticular changes in the stimulation signal. 

FIG. 4 is a block diagram of an example stimulation 
element array 104 of the tongue stimulation system 101 of 
FIG. 1 in which the stimulation elements are thermal stimu 
lation elements 402. In this example, one or more of the 
thermal stimulation elements 402 may include a thermistor 
T being operated as a heating element. In some embodi 
ments, the thermistor T is a positive temperature coefficient 
(PTC) thermistor. However, other types of heating elements 
that may be employed in the stimulation element array 102 
to heat a corresponding area of the tongue for a controllable 
period of time may be used in other embodiments. In some 
embodiments, the thermal stimulation elements 402 may be 
cooling elements that cool a corresponding area of the 
tongue for some time period. Moreover, the thermal stimu 
lation elements 402, such as, for example, Peltier elements 
or other thermoelectric heat pump devices may be config 
ured to heat or cool an adjacent area of the tongue at varying 
times. In some examples, such heating/cooling elements 
may be driven by a corresponding stimulation signal Such 
that periods of heating or cooling may be followed by a 
counteracting process to return that area of the tongue to a 
more normal or average temperature, thus possibly increas 
ing the frequency at which the thermal stimulation element 
402 may be operated. 

FIGS. 5, 6, and 7 are block diagrams of example types of 
stimulation element arrays 102 of the tongue stimulation 
system of FIG. 1 in which the stimulation elements are 
chemical stimulation elements. Such elements may cause 
one or more types of tastes to be experienced by a corre 
sponding area of the tongue by application of a particular 
chemical. Moreover, in some examples, the amount or 
concentration of the chemical being applied may result in a 
stronger taste, thus providing a means of imparting magni 
tude information to the user. In some examples, the chemical 
stimulation elements may enhance or inhibit the operation of 
areas of taste buds, such as by stimulating, enhancing, 
diminishing, or paralyzing the operation of the particular 
taste buds. Further, in some embodiments, the effects of the 
imposed taste, enhancement, or inhibition may be actively 
reversed using the chemical stimulation element, such as by 
way of flushing the imposed chemical or changing the 
composition of the chemical. 

For example, FIG. 5 is a block diagram of an example 
stimulation element array 102 in which the stimulation 
elements are chemical stimulation elements 502 that employ 
a degradable polymer 510. In one example, the degradable 
polymer 510 includes a material that does not possess a 
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particularly strong or recognizable taste. In this embodi 
ment, each of the chemical stimulation elements 502 may 
include one or more degrader elements 504, which may 
include a heating element that applies heat to the degradable 
polymer 510, an electrode that applies a voltage or current 
to the degradable polymer 510, or another type of element 
that, when activated, causes degradation or fragmentation of 
the degradable polymer 510 into at least one chemical 
functional group that may be detected as a taste (e.g., Sour, 
Sweet, salty, etc.) by an area of the tongue corresponding to 
the portion of the degradable polymer 510 being degraded. 
In the particular example of FIG. 5, the degradable polymer 
510 is depicted as a layer of material located between the 
tongue and the stimulation element array 102. Such that 
activation of a particular chemical stimulation element 502 
causes the portion of the degradable polymer 510 adjacent 
thereto to degrade, thus providing an intended taste to the 
portion of the tongue opposite the activated chemical stimu 
lation element 502 from the degradable polymer 510. In 
other embodiments, each of a plurality of portions of the 
degradable polymer 510 may be located adjacent to a 
corresponding chemical stimulation element 502. Other 
configurations of the chemical stimulation elements 502 and 
the degradable polymer 510 relative to the user tongue may 
be utilized in other implementations. 

FIG. 6 is a block diagram of another example stimulation 
element array 102 of the tongue stimulation system 100 of 
FIG. 1 in which the stimulation elements are chemical 
stimulation elements 602 that employ an ion-conducting 
polymer 610 and an ion reservoir 612. In this particular 
example, each chemical stimulation element 602 may 
include a voltage element 604. Such as a pair of electrodes 
that may apply a Voltage differential across an area of the 
ion-conducting polymer 610 in response to a stimulation 
signal from the array controller 104. The voltage differential 
allows ions from the ion reservoir 612 to pass from the 
reservoir 612, through the ion-conducting polymer 610, to a 
specific area of the tongue. The application of the ion to an 
area of the tongue may cause that area to be exposed to a 
particular taste, or for the tasting capability of that area to be 
enhanced or reduced, depending on the nature of the ion. As 
shown in FIG. 6, a single ion reservoir 612 and a single layer 
of ion-conducting polymer 610 may be laid atop the stimu 
lation element array 102 so that activation of a chemical 
stimulation element 602 causes ions from the reservoir 612 
to pass downward through the ion-conducting polymer 610 
onto the corresponding area of the tongue. In other 
examples, an individual ion reservoir 612 and associated 
ion-conducting polymer 610 may be employed for each 
chemical stimulation element 602, such that each chemical 
stimulation element 602 may include a voltage element 604, 
an ion-conducting polymer 610, and an ion reservoir 612. 

FIG. 7 is a block diagram of another example stimulation 
element array 102 of the tongue stimulation system 100 of 
FIG. 1 in which the stimulation elements are chemical 
stimulation elements 702 that employ microfluidic devices 
704, such as, for example, paper-based microfluidic devices, 
polymer-based microfluidic devices (e.g. poly(methyl meth 
acrylate), or PMMA), or some hybrid thereof. In some 
examples described in greater detail below, the microfluidic 
device 704 may be employed to electrolyze water. However, 
instead of electrolyzing water to generate hydrogen (H) and 
oxygen (O), as is a typical use of the electrolysis of water, 
the microfluidic device 704 may be employed to create a 
point or area of low pH, which may be detected by taste buds 
in the area as a sour taste. 
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10 
FIG. 8 is a graphical representation of an example micro 

fluidic device 704 that may be employed in the example 
stimulation array 102 of FIG. 7 to generate areas of sour 
taste. The microfluidic device 704 may include a microflu 
idic well 802 coupled to a first control line 808 by way of an 
anode 804 and coupled a second control line (or ground) 810 
via a cathode 806. The microfluidic well 802 may be filled 
with a liquid 812. Such as water, although other aqueous 
conductive Solutions, such as a solution at least similar to 
human saliva, may be employed in other examples. Using 
the control lines 808 and 810 driven by the array controller 
104, a direct-current (DC) voltage potential may be applied 
across the microfluidic well 802 via the anode 804 and 
cathode 806. More specifically, the anode 804 may have a 
higher voltage than the cathode 806 to create an electric field 
within the well 802. In response to the applied voltage, 
protons (or H" ions) may collect at the cathode 806 and 
hydroxide (or OH ions) may collect at the anode 804, 
instead of hydrogen and oxygen gas. The presence of the 
protons may be sensed as a sour taste at the location of the 
tongue at which the microfluidic well 802 is located. In one 
example, the microfluidic well 802 may include a perfora 
tion 812 near the cathode 806 to allow some of the protons 
to pass outside the microfluidic well 802 to contact the 
tongue. 

In some examples, the polarity of the Voltage applied at 
the anode 804 and the cathode 806 via the control lines 808 
and 810 may be swapped to reverse the electrolysis reaction, 
thus reducing the number or concentration of protons pres 
ent. As a result, the resulting Sour taste may be removed 
quickly from the affected area of the tongue. 

FIG. 8A is a graphical representation of another example 
microfluidic device 704A that may be employed in the 
example stimulation array of FIG. 7. In this particular 
example, the microfluidic device 704A includes a small 
microfluidic well 802A, which may be cylindrical in some 
examples, but may take on other three-dimensional shapes 
in other embodiments. Moreover, the microfluidic well 
802A may be open at a top end. Located within the micro 
fluidic well 802A may be a liquid, such as water, saliva, or 
another aqueous conductive solution, as indicated above. In 
addition, located within the well 802A may be an anode 
804A and a cathode 806A near the top end of the well 802A. 
In the particular example of FIG. 8A, each of the anode 
804A and the cathode 806A are electrically conductive 
screens driven by the first control line 808 and the second 
control line or ground 810, respectively. In response to the 
anode 804A being driven to a higher voltage than the 
cathode 806A, an electric field may be created therebetween, 
causing protons to collect at or near the cathode 806A and 
hydroxide to collect at or near the anode 804A. The 
increased concentration of protons near the open top of the 
microfluidic well 802A may then be detected by an adjacent 
area of the tongue, possibly as a sour taste. 

While the microfluidic well 802A is described above as 
being open near the top end, with the anode 804A and the 
cathode 806A located within the well 802A near the top end, 
other configurations for the well 802A, the anode 804A, and 
the cathode 806A are also possible. In one embodiment, the 
microfluidic well 802A may be open near a bottom thereof, 
with the anode 804A and the cathode 806A located within 
the well 802A near that bottom end, and with the cathode 
806A positioned below the anode 804A. In yet other 
examples, the microfluidic well 802A may be configured as 
a pore with both bottom and top open ends, and with the well 
802A being filled with the saliva of the user. 
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FIG. 9 is a graphical representation of an example chemi 
cal element array 900 employing a plurality of isolated 
microfluidic wells 902. As opposed to providing each micro 
fluidic well 902 with a separate pair of control lines 808 and 
810, a plurality of first control lines 808 and a plurality of 
second control lines 810 may be employed such that a 
selection of a single first control line 808 and a single second 
control line 810 causes the application of the DC activating 
voltage across a single isolated microfluidic well 902. In one 
example, the plurality of first control lines 808 may lie along 
a first side of the array of isolated microfluidic wells 902, 
while the plurality of second control lines 810 may line 
along a second side of the array of isolated microfluidic 
wells 902 to apply the voltage across the wells 902, as 
depicted in FIG. 9. As a result of such an embodiment, an 
array of 100 isolated microfluidic wells 902 arranged in a 
ten-by-ten array may require only ten first control lines 808 
and ten second control lines 810, or twenty control lines 
total, as opposed to a dedicated first control line 808 and 
second control line 810 for each well 902, or 200 control 
lines 808 and 810 total. 

FIG. 10 is a graphical representation of an example 
chemical element array 1000 employing a plurality of inter 
connected microfluidic wells 1002. An array of this type 
may be easier to manufacture due to the interconnected 
microfluidic wells 1002 essentially forming a single fillable 
well. As illustrated, this chemical element array 1000 may 
be driven using a similar structure of the first control lines 
808 and the second control lines 810 as depicted in FIG. 9. 
If the outputs of a microcontroller or similar device are 
employed to drive the first control lines 808 and the second 
control lines 810, each of the control lines 808 and 810 that 
are not being selected at a particular point in time may be in 
a high impedance state, as opposed to a low or high Voltage 
level, as described above. Consequently, diodes or resistors 
may be employed to couple the control lines 808 and 810 to 
a known reference Voltage, or to ensure that a voltage 
differential is not being applied across an unselected micro 
fluidic well 902 and 1002. For example, at each well 902 and 
1002, a diode may couple the first control line 808 and the 
second control line 810 to ensure the voltage across the well 
902 and 1002 is biased properly when the control lines 808 
and 810 are not being driven to prevent undesirable activa 
tion of the well 902 and 1002. 

In some embodiments of the chemical stimulation ele 
ments 502, 602, and 702 of FIGS. 5-7, including the 
microfluidic wells 802, 902, and 1002 of FIGS. 8-10, a 
microfluidic pump may be employed in conjunction with 
each chemical stimulation element 502, 602, and 702 to 
remove or reverse the effect of the chemical stimulation 
being used. For example, the microfluidic pump, driven by 
an output of the array controller 104, may be employed to 
flush water or another chemical onto the affected area of the 
tongue to remove the protons or chemicals applied to the 
tongue by the corresponding chemical stimulation element 
502, 602, and 702. 

FIG. 11 is a block diagram of an example stimulation 
element array 102 of the tongue stimulation system 100 of 
FIG. 1 in which the stimulation elements include a combi 
nation of two or more of the electrical stimulation elements 
302, thermal stimulation elements 402, and the chemical 
stimulation elements 502, 602, and 702. Additionally, the 
use of multiple types of the chemical stimulation elements 
502, 602, and 702 described earlier may result in the ability 
to apply a variety of tastes to each particular area of the 
tongue associated with those elements 502, 602, and 702. 
Overall, the use of multiple types of the stimulation elements 
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302, 402, 502, 602, and 702 may result in the ability to 
provide a greater dynamic range of information to the user 
via the tongue over a particular period of time. 

In some embodiments, the array controller 104 may 
employ multiple processors to facilitate parallel generation 
of the various stimulation signals being provided to the 
stimulation elements 302, 402, 502, 602, and 702. For 
example, the stimulation signals for the electrical stimula 
tion elements 302 may be generated by one or more different 
processors than those used to generate the stimulation sig 
nals for the thermal stimulation elements 402 and/or the 
chemical stimulation elements 502, 602, and 702. Moreover, 
multiple processors may be employed for a single type of 
stimulation element 302, 402, 502, 602, and 702. For 
example, each of a number of processors may be employed 
to generate the stimulation signals for a distinct Subset of the 
electrical stimulation elements 302, the thermal stimulation 
elements 402, and/or the chemical stimulation elements 502, 
602, and 702. 
To optimize the effectiveness of the stimulation element 

array 102 in delivering information to the user via the 
tongue, an example of the stimulation element array 102 
may be configured to perform lingual nerve mapping experi 
ments on a user or multiple users to determine some opti 
mum location for the electrical, thermal, and/or chemical 
stimulation elements to be used, as well as other character 
istics of the stimulation element array 102 and the array 
controller 104. In some examples, the array controller 104 or 
the computing device 112 may be configured to generate 
series or sets of predetermined stimulation signals or stimu 
lation information, respectively, to determine sensitivity 
with respect to electrical, thermal, and/or chemical stimuli at 
various areas of the tongue. More specifically, the stimula 
tion information used to generate the stimulation signals to 
the elements of the stimulation element array 102 may be 
configured to determine a relative sensitivity of each area of 
the tongue associated with a corresponding stimulation 
element. In one example, the elements may be spaced 
relatively closely so that a detailed nerve map of the tongue 
of one or more users may be made. The sensitivity may be 
determined by sensors located close or adjacent to the 
stimulation elements that may measure or detect the effect of 
the stimulation by the corresponding element. In other 
examples, the sensitivity may be determined by way of 
feedback (verbal, for instance) provided by the user in 
response to stimulation by each element of the stimulation 
element array 102. 

In testing various areas of the tongue, the computing 
device 112 or the array controller 104 may be configured to 
vary the magnitude and/or frequency of the stimulation 
signals applied to each of the elements of the stimulation 
element array 102 to determine the sensitivity of each area 
of the tongue to Such factors or characteristics of the 
stimulation signals. In addition, series of Stimulation signals 
applied to each area may be generated to determine a 
recovery time during which an additional stimulation of a 
particular stimulation element after a previous stimulation is 
not likely to be perceived fully by the corresponding area of 
the tongue. 

In some embodiments, the computing device 112 or the 
array controller 104 may be configured to conduct nerve 
density tests that determine a minimum discrimination dis 
tance of various areas of the tongue of a user. To determine 
Such a distance, the computing device 112 or the array 
controller 104 may be configured to activate sets of differ 
ently spaced pairs of elements of the stimulation element 
array 102 at different times. In response to the activation of 
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each pair, the user may be asked to identify whether the 
activation is sensed as two closely spaced, but separate, 
activations, or as just a single activation. The closest dis 
tance between an activated pair sensed by the user at a 
particular area of the tongue may then be determined to be 5 
the minimum discrimination distance for that area. Such 
tests may also be performed at various frequencies and/or 
intensities to determine if the minimum discrimination dis 
tance for various areas of the tongue is based on Such factors. 
Based on such tests, a stimulation element array 102 may be 10 
designed such that elements are more closely distributed in 
areas of shorter minimum discrimination distances. 

In other examples, the computing device 112 or the array 
controller 104 may be configured to perform frequency bin 
experiments, during which the stimulation signals for each 15 
element of the stimulation element array 102 may exhibit 
various frequencies. Based on these experiments, each area 
of the tongue may be associated with one or more different 
bands of frequencies based on how easily those frequencies 
are perceived by the user at that area. Based on that 20 
information, different frequency bins or bands may be 
associated with one or more specific areas of the tongue. 
Accordingly, each Such area may be stimulated using one or 
more frequencies of its associated frequencybin, thus maxi 
mizing the perception of the user to stimuli at each of those 25 
areas. In some examples, the bins may be defined according 
to a logarithmic scale, a linear Scale, or a binary or octave 
scale. In other examples, the frequency bins may be defined 
according to the Greenwood function, which correlates hair 
cell locations within the inner ear to frequencies that corre- 30 
spond with their associated auditory neurons, as such a 
relationship may be particularly effective in associating 
particular audio frequencies to certain areas of the tongue. 

Based on the determined sensitivities of each area of the 
tongue to the stimulation, a lingual nerve map may be 35 
generated from which an optimal physical pattern for the 
stimulation element array 102 and associated stimulation 
signals for the particular user may be determined. In some 
examples, the lingual nerve map may also be used to 
determine a particular physical size or area for each of the 40 
elements of the stimulation element array 102, as the size of 
a particular stimulation element (e.g., an electrode for an 
electrical stimulation element 302) may correspond to the 
perceived intensity of the stimulus for that element. For 
example, areas of the tongue that are less sensitive to 45 
particular types of stimulus may be associated with larger 
elements, and vice versa. Potential aspects of Such a map 
may include associating various minimum and/or maximum 
detectable signal magnitudes, minimum and/or maximum 
detectable signal frequencies, minimum discrimination dis- 50 
tances, minimum and/or maximum recovery times, and 
other aspects to each area of the tongue. In some examples, 
this mapping information may be combined with mapping 
information corresponding to other users to generate an 
average lingual nerve map. That map may then be employed 55 
to provide an optimal stimulation element array 102 pattern, 
element size, and/or associated Stimulation signals for a 
plurality of users. In either case, such mapping may render 
presentation of information via the tongue more efficient, 
thus potentially providing a greater dynamic range of infor- 60 
mation capable of being presented to the user via the tongue. 

For a stimulation element array 102 having more than one 
type of stimulation element (e.g., two or more of electrical, 
thermal, and chemical stimulation elements), at least some 
elements of one type may be located at different areas of the 65 
mouthpiece 101 than some elements of a different type and 
may be stimulated using different frequencies, magnitudes, 
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and so on. For example, some areas of the tongue may be 
more sensitive to electro-tactile stimulus than thermal stimu 
lus. Further, if differing types of chemical stimulation ele 
ments (e.g., chemical stimulation elements 502, 602, and 
702) are employed in the stimulation element array 102, the 
chemical stimulation elements of different types may be 
optimally placed in different locations about the tongue of 
the user. 

FIG. 12 is a flow diagram of an example method 1200 of 
stimulating the tongue of a user. While the method 1200, as 
well as other methods presented below, is described herein 
as being performed using the tongue stimulation system 100 
of FIG. 1, other systems or devices not specifically discussed 
herein may also be employed to perform the method 1200 in 
other embodiments. 

In the method 1200, the computing device 112 may 
receive sensor information from the one or more sensors 114 
(operation 1202). Such information may include, but is not 
limited to, audio information, light or image information, 
touch or pressure information, thermal or temperature infor 
mation, inertial information, aroma information, chemical 
information, and so on. The computing device 112 may also 
receive, access, or retrieve previously stored information, 
Such as from a local data storage device or system, or from 
the remote computing device 118 or associated data storage 
device or system via the communication network 116. Such 
information may include, for example, translations from one 
spoken language to another, information regarding known 
therapeutic audio patterns, and any other database of infor 
mation. In some embodiments, multiple sensors of a single 
type of sensor, Such as multiple microphones, may be 
employed to provide multiple source information, such as 
Stereo Sound. 
The computing device 112 may generate stimulation 

information (operation 1206). In some examples, the com 
puting device 112 may process one or both of sensor 
information (from operation 1202) and received information 
(from operation 1204) to generate the stimulation informa 
tion. In some embodiments, the generated Stimulation infor 
mation may include a direct representation of the sensor 
information or stored information. In other examples, the 
generated Stimulation information may represent some 
transformed version of the received sensor information 
based on stored information. The computing device 112, in 
yet other examples, may generate other types of stimulation 
information based on one or both of the sensor information 
and the stored information, such as is described in the 
various embodiments discussed in greater detail below. 

In some examples, multiple processors may be employed 
within the computing device 112 to generate the stimulation 
information received from a sensor 114. For example, each 
of several different frequency ranges received from a micro 
phone may be processed by a separate processor to generate 
the resulting audio stimulation information. In addition, in 
the case of multiple sensors 114, each of these sensors 114 
may be coupled with a separate processor or processors of 
the computing device 112 to generate the stimulation infor 
mation. 
The wireless transmitter or transceiver 110 may then 

transmit the stimulation information from the computing 
device 112 to the wireless receiver or transceiver 1208 
coupled with the mouthpiece 101 (operation 1208). In 
response to receiving the stimulation information via the 
transceiver 1208 (operation 1210), the array controller 104 
may process the received stimulation information to gener 
ate stimulation signals (operation 1212), which are then 
provided by way of outputs of the array controller 104 to the 



US 9,669,159 B2 
15 

elements of the stimulation element array 102 to stimulate 
the tongue of the user (operation 1214). As with the com 
puting device 112, the array controller 104 may employ 
multiple processors such that each processor is responsible 
for generation of some portion of the stimulation signals. For 
example, each processor of the array controller 104 may 
generate one or more of the stimulation signals for some 
subset of the elements of the stimulation element array 102. 
In other examples, each processor may be responsible for 
processing some portion Subset of the stimulation informa 
tion being received. Such as a particular range of frequen 
cies, magnitudes, time periods, and/or the like. The use of 
multiple processors in the array controller 104 may facilitate 
parallel processing multiple aspects of the stimulation infor 
mation, thus potentially generating stimulation information 
that exhibits greater resolution, less latency, and so on. 

While the operations 1202 through 1214 are shown in 
FIG. 12 as being performed in a particular order, other orders 
of performance for the operations 1202 through 1214 are 
also possible. For example, each of the operations, from the 
receiving of the sensor information (operation 1202) and 
stored information (operation 1204), through the providing 
of the stimulation signals to the stimulation element array 
(operation 1212), may occur on a repeating or ongoing basis. 
Other orders of performance of the operations 1202 through 
1214, as well as the order of performance of the various 
method operations described below, may also be possible. 

Moreover, while the various operations 1202 through 
1214 are indicated in FIG. 12 as being performed either 
external to the mouthpiece 101 or within the environment of 
the mouth or mouthpiece 101, variations are also possible. 
For example, the receiving of sensor data from the one or 
more internal sensors 109, and the processing of the sensor 
data from the internal sensors 109 at the array controller 104, 
may all occur within the environment of the mouthpiece 
101, possibly without any stimulation information being 
received via the wireless transceiver 108. 

FIGS. 13-18 provide more specific examples of tongue 
stimulation methods that impart various types of information 
via the tongue to the user. FIG. 13, for example, is a flow 
diagram of an example method 1300 of stimulating the 
tongue using information representing sensed sound waves. 
In the method 1300, an audio sensor 114 may sense sound 
waves (operation 1302), such as those at the location of the 
user. The computing device 112 may then process informa 
tion received from the audio sensor 114 (operation 1304) 
(e.g., information representing the sensed sound waves) to 
generation stimulation information representing the Sound 
waves, and transmit the generated stimulation information 
via the wireless transceivers 110 and 108 (operation 1306) to 
the array controller 104 for generation of the stimulation 
signals for stimulating the tongue. 
To increase the throughput of the audio content being 

relayed to the array controller 104, the computing device 112 
may process the received audio information, Such as trans 
forming audio waveform time-domain information into fre 
quency-domain information, such as by way of a Fast 
Fourier Transform (FFT) or other transformation algorithm 
or circuit. Such a transformation may be performed by way 
of hardware, Software executing on a hardware processor, or 
Some combination thereof. The resulting frequency-domain 
information may then be transmitted via the transceivers 110 
and 108 to the array controller 104 for stimulation signal 
generation. 

In some embodiments, one or more band-pass filters may 
be utilized in addition to, or in lieu of, an FFT algorithm or 
circuit. For example, at least one band-pass filter may be 
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employed to filter out unwanted audio frequencies. Such as, 
for example, frequencies beyond the hearing range of most 
adults. In yet other examples, the band-pass filter may be 
configured to filter frequencies that are not required for a 
particular application, Such as, for example, speech recog 
nition. In one example, the band-pass filter may be applied 
to the sensed audio signals prior to application of the FFT to 
expedite the execution of the transform. In other embodi 
ments, a plurality of band-pass filters, each of which is tuned 
to pass a separate, relatively narrow band of frequencies, 
may be employed so that the output of each band-pass filter 
may closely represent a stimulation signal for each of one or 
more elements of the stimulation element array 102, thus 
potentially simplifying the generation of the stimulation 
information at the computing device 112 and the generation 
of the stimulation signals at the array controller 104. In yet 
other examples, each of a plurality of band-pass filters may 
pass a different, relatively narrow frequency band to an FFT 
circuit or algorithm, which may then process that particular 
frequency band to generate values for two or more Sub 
bands of the frequency band. Employing band-pass filters 
with an FFT is such cases may reduce the number of 
computations needed to generate the stimulation informa 
tion to be provided to the array controller 104. Moreover, in 
examples in which the band-pass filters, with or without the 
FFT are employed in conjunction with the audio sensor 114, 
the higher audio frequencies may be processed more often 
relative to the lower audio frequencies, thus possibly allow 
ing faster response and/or cycle times in generating stimu 
lation signals based on the higher frequencies of the sensed 
audio signals. 
As discussed above, the stimulation element array 102 

may include Some combination of electrical, thermal, and/or 
chemical elements. The use of multiple stimulation tech 
nologies may facilitate the presentation of more varied or 
detailed information representing the sensed audio informa 
tion via the user tongue. For example, different audio 
frequency ranges may be imparted to the tongue by different 
technologies (e.g. low frequencies provided by thermal 
stimulation elements, mid-range frequencies provided by 
chemical elements, and high frequencies by electrical ele 
ments). Other ways of providing different aspects of the 
audio information via multiple stimulation technologies are 
also possible. 

In another example, the stimulation information being 
generated at the computing device 112 may represent spoken 
words or phrases detected in the Sound waves being sensed 
at the audio sensor 114. For example, the computing device 
112 may detect the spoken words or phrases using a speech 
to-text module or application executing on the computing 
device 112, and then generation stimulation information that 
represents the spoken words or phrases. Such stimulation 
information, when employed by the array controller 104 to 
generate tongue stimulation signals, may serve as a Supple 
ment or replacement for closed captioning and similar 
systems. Accordingly, this stimulation information may 
serve as a hearing replacement for hearing-impaired indi 
viduals. In one example, the user may be trained to associate 
various words or sounds with particular stimulation patterns 
on the tongue. In some cases, such as in the onset of hearing 
impairment that may occur over a period of time (e.g., 
hearing impairment associated with neurofibromatosis type 
2), the training of the user may occur while the user still 
retains the ability to hear words and sounds while being 
trained to associate those words or sounds with specific 
sensations on the tongue, thus possibly expediting the train 
ing process. 
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FIG. 14 is a flow diagram of an example method 1400 of 
stimulating the tongue using sensed sound waves to aid in 
learning a second spoken language. In the method 1400, the 
audio sensor 114 may sense sound waves (operation 1402). 
The computing device 112 may then process information 
received from the audio sensor 114 (operation 1404) (e.g., 
information representing the sensed sound waves) to trans 
late speech of a first language represented in the Sound 
waves to generate speech of a second language (operation 
1404). To accomplish this task, the computing device 112 
may retrieve translation information stored at the computing 
device 112 or the remote computing device 116, detect the 
words or phrases spoken in the first language from the 
Sounds waves (e.g., via a speech-to-text module or applica 
tion executing on the computing device 112) and translate 
the detected words or phrases of the first language into those 
of the second language. The computing device 112 may then 
generate the stimulation information based on the translated 
words or phrases (operation 1406) and transmit the stimu 
lation information to the array controller 104 (operation 
1408). As with the method 1300 of FIG. 13, the array 
controller 104 may provide stimulation signals for electrical, 
thermal, and/or chemical stimulation elements based on the 
received stimulation information. 

In this example, the first language actually being spoken 
may be a language unfamiliar to the user, while the second 
language into which the words of the first language are 
translated may be well-known to the user. By thus providing 
information representing the second language on the tongue 
of the user while the user hears the first language, the system 
100 may provide the user with a faster, more natural way of 
learning a second language compared to rote memorization 
of Vocabulary, rules of syntax, and the like. 

FIG. 15 is a flow diagram of an example method 1500 of 
stimulating the tongue as therapy for tinnitus or other 
hearing impairments. In the method 1500, the computing 
device 112 may generate stimulation information represen 
tative of one or more audio frequencies corresponding to a 
hearing impairment of the user (operation 1502) and trans 
mit the stimulation information to the array controller 104 
(operation 1504) for subsequent generation of the stimula 
tion signals for electrical, thermal, and/or chemical stimu 
lation elements. For example, the stimulation information 
may be based on Some knowledge or identification of the 
problematic audio frequencies associated with a hearing 
impairment, such as tinnitus, experienced by the user, as 
well as on proposed stimulation information that may serve 
as therapy for the impairment at those audio frequencies. For 
example, in at least some cases, tinnitus is experienced by a 
user as an audible ringing at one or more particular frequen 
cies of hearing impairment of the user. As the components 
of the ear are not detecting Sounds at those frequencies, the 
ear of the user may react by providing those particular audio 
frequencies to the brain on an ongoing basis. However, by 
providing tongue stimulation at the affected frequencies, the 
brain of the user may react by ignoring the signals being 
provided by the ear at those frequencies, thus potentially 
reducing the effects of the tinnitus experienced by the user. 

FIG. 16 is a flow diagram of an example method 1600 of 
stimulating the tongue as therapy for various psychological 
conditions. In one example of the method 1600, the audio 
sensor 1400 may sense Sound waves, such as, for example, 
those associated with the playing of music (operation 1602). 
The computing device 112 may generate stimulation infor 
mation based on the sound waves (operation 1604) and 
transmit the generated stimulation information via the trans 
ceivers 210 and 208 to the array controller 104 (operation 
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1606) to generate stimulation signals for electrical, thermal, 
and/or chemical stimulation elements. In this example, the 
stimulation information may serve as therapeutic informa 
tion used as a treatment for anxiety, depression, and other 
psychological issues. More specifically, the stimulation 
information, when used to stimulate the tongue, may act to 
“normalize' otherwise irregular brainwave patterns that may 
cause anxiety, depression, and the like, much in the way that 
listening to music, manually tracing lines, and performing 
other activities or experiencing other sensations affects the 
brain of the user. Instead of basing the generated Stimulation 
information on audio waves, the computing device 112 may 
retrieve preexisting stimulation information from local or 
remote data storage, or from the remote computing device 
118, that are devised to provide a user some therapeutic 
benefit. 

In other examples, the stimulation information based on 
the sensed sound waves of music may be intended primarily 
to enhance the enjoyment of the music by the user. For 
example, the stimulation information may be intended to 
provide a gentle or pleasing sensation to the tongue during 
quiet musical passages, generate a more intense sensation 
during loud or fast musical sections, and so on. 

FIG. 17 is a flow diagram of an example method 1700 of 
stimulating the tongue to map one or more types of sensory 
information to the tongue. In the method 1700, one or more 
sensors 114 may sense information relating to one or more 
human senses (e.g. Sound, touch, pressure, heat, cold, aroma, 
etc.) (operation 1702). In some examples, one or more 
internal sensors 109 may be employed to provide sense 
information as well. The computing device 112 may then 
generate stimulation information based on the received 
sensory information (operation 1704) and transmit the gen 
erated stimulation information to the array controller 104 
(operation 1706) for generation of stimulation signals for 
electrical, thermal, and/or chemical stimulation elements. In 
Some example, sensory information from the internal sen 
sors 109 may be received and processed at the array con 
troller 104 without the involvement of the computing device 
112, or such sensory information may be transmitted to the 
computing device 112 via the array controller 104 and the 
transceivers 108 and 110 for generation of the stimulation 
information. 

In some embodiments, employing the method 1700 of 
FIG. 17 may allow the user to receive sensory information 
that may otherwise be masked or diminished by other 
sensory information. For example, information at certain 
audio frequencies, such as at extremely low or high audible 
frequencies, may be masked by Strong simultaneous mid 
range audio frequencies. Such frequencies may be provided 
to the user via tongue stimulation so that the user may 
experience those otherwise “lost frequencies. Similarly, 
SuperSonic or SubSonic frequencies outside the normal hear 
ing range of the user may also be mapped to the tongue. 
Generating Such stimulation information may also include 
touch information to enhance the sensory capabilities of a 
Surgeon, light or image information (e.g., infrared informa 
tion) for navigation or searching operations, and the like. In 
addition, the additional information, such as additional audio 
information, may be provided via tongue stimulation for 
therapeutic or recreational purposes. 

In yet other embodiments, one or more of the sensors 114 
may sense physical, electrical, magnetic, chemical, or other 
aspects of a particular environment that are not related to 
human sensory capabilities. For example, the one or more 
sensors 114 may include chemical sensors, electromagnetic 
waveffield sensors, and/or so on to detect various conditions. 
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The computing device 112 may then generate stimulation 
information indicative of the information received via such 
sensors 114, which is ultimately reflected in the stimulation 
signals provided to the stimulation elements, thus relaying 
that information to the user. 

FIG. 18 is a flow diagram of an example method 1800 of 
stimulating the tongue to facilitate augmentation or dimi 
nution of taste. Such as during consumption of food. In an 
embodiment of the method 1800, the computing device 112 
may generate or receive stimulation information that would 
tend to augment or diminish the ability of one or more areas 
of the users tongue to sense particular types of tastes (e.g., 
Sour, Sweet, salty, Spicy, etc.) (operation 1802), and then 
transmit the stimulation information to the array controller 
104 for the generation of corresponding stimulation signals 
for the stimulation elements. In one example, the stimulation 
elements may include chemical stimulation elements that 
produce chemicals or pH levels that affect the tasting ability 
of taste buds. In other examples, electrical and/or thermal 
stimulation elements may also be employed to augment or 
mask the operation of the taste buds. In one embodiment, the 
user may possess a reduced ability to taste at least certain 
types of foods. Under this scenario, the computing device 
112 may generate stimulation information to enhance certain 
taste buds responsible for the types of tastes that the user 
lacks. In another situation, the food being consumed by a 
user, such as what may be encountered as part of a pre 
scribed diet (e.g., for weight control, management of cho 
lesterol or blood pressure), may be bland, tasteless, or even 
unpalatable (e.g., extremely bitter or Sour). To render Such 
food more enjoyable, the computing device 112 may gen 
erate stimulation information to enhance any pleasant tastes 
that may be provided by the food, and/or mask or replace 
any unpalatable aspects of the food. In other examples, some 
types of medications, such as Steroids used for autoimmune 
disease Suppression, may be extremely bitter or Sour. Pro 
viding stimulation information that would counteract Such 
bitterness or sourness may thus allow the user, such as a 
child, to consume the medication more easily. 

In another example, the internal sensors 109 may include 
chemical sensors that determine chemicals that may be 
present in the saliva of the user. The array controller 104 or 
the computing device 112 may then receive sensor informa 
tion from the internal sensors 109 and generate stimulation 
information based on the sensor information to interact with 
the saliva at various locations on the tongue to enhance or 
diminish various tastes. 

FIG. 19 is a block diagram illustrating an example of a 
computing device or computer system 1900 which may be 
used to implement the embodiments disclosed above, Such 
as the array controller 104, the computing device 112, and/or 
the remote computing device 118 of FIG. 1. Embodiments 
disclosed herein include various operations that maybe 
performed by hardware modules or components, or hard 
ware modules or components used in combination with 
software instructions. Moreover, as described herein, in 
Some embodiments, a first module or component may be 
hardware that is programmed by one set of Software or 
firmware instructions to perform one or more functions, 
while a second module or component may be that same 
hardware that is programmed by another set of Software or 
firmware instructions to perform one or more other func 
tions. As a result, the same hardware may represent the first 
module during one period of time, and may represent the 
second module during the same time or a second period of 
time. According to one example, the computing device or 
system 1900 may include at least one processor 1902, at 
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least one system interface 1904, at least one memory 1906, 
at least one storage device 1908, and at least one I/O device 
1910. The at least one I/O device 1910 may include trans 
mitters, receivers, or transmitters for transmitting informa 
tion wireless, as well as sensors for sensing sounds, light, 
and other sensations. The system 1900 may further include 
at least one processor bus 1912 and/or at least one input/ 
output (I/O) bus 1914. 
The processor 1902 may include one or more internal 

levels of cache (not shown in FIG. 19) and can be any known 
processor, Such as a microprocessor, microcontroller, digital 
signal processor, graphics processor, or the like. The pro 
cessor bus 1912, also possibly known as a hostbus or a front 
side bus, may be used to couple the processor 1902 with the 
system interface 1904. The system interface 1904 may be 
connected to the processor bus 1912 to interface various 
components of the system with the processor 1902. System 
interface 1904 may, for example, include a bus controller 
1916 or bus interface unit to direct interaction with the 
processor bus 1912 and a memory controller 1918 for 
interfacing the memory 1906 with the processor bus 1912. 
The system interface 1904 may also include an I/O interface 
1920 to interface one or more I/O devices 1910 with the 
processor 1902. 
The memory 1906 may include one or more memory 

cards and control circuits (not depicted in FIG. 19). The 
memory 1906 may include a main memory 1906A and/or a 
read-only memory (ROM) 1906B. The main memory 
1906A can be random access memory (RAM) or any other 
dynamic storage device(s) for storing information and 
instructions to be executed by the processor 1902. Main 
memory 1906A may be used for storing temporary variables 
or other intermediate information during execution of 
instructions by the processor 1902. The read-only memory 
1906B can be any static storage device(s), such as Program 
mable Read Only Memory (PROM) chip for storing static 
information and instructions for the processor. 

According to one embodiment, the above methods may be 
performed by the computer system 1900 in response to the 
processor 1902 executing one or more sequences of one or 
more instructions contained in the main memory 1906A. 
These instructions may be read into main memory 1906A 
from another machine-readable medium capable of storing 
or transmitting information in a form (e.g., Software, pro 
cessing application) readable by a machine (e.g., a com 
puter). Execution of the sequences of instructions contained 
in the main memory 1906A may cause the processor 1902 to 
perform the process operations described herein. 
A machine-readable media may take the form of, but is 

not limited to, non-volatile media and volatile media. Non 
volatile media may include a mass storage device 1908 and 
Volatile media may include dynamic storage devices. Com 
mon forms of machine-readable media may include, but are 
not limited to, magnetic storage media (e.g. hard disk drive); 
optical storage media (e.g. Compact Disc Read-Only 
Memory (CD-ROM) and Digital Versatile Disc Read-Only 
Memory (DVD-ROM)), magneto-optical storage media; 
read-only memory (ROM); random access memory (RAM, 
such as static RAM (SRAM) and dynamic RAM (DRAM)); 
erasable programmable memory (e.g., erasable program 
mable read-only memory (EPROM) and electrically eras 
able programmable read-only memory (EEPROM)); flash 
memory; or other types of media Suitable for storing com 
puter or processor instructions. 

Embodiments disclosed herein include various operations 
that are described in this specification. As discussed above, 
the operations may be performed by hardware components 
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and/or may be embodied in machine-executable instruc 
tions, which may be used to cause a general-purpose or 
special-purpose processor programmed with the instructions 
to perform the operations. Alternatively, the operations may 
be performed by a combination of hardware, software, 
and/or firmware. 
The performance of one or more operations described 

herein may be distributed among one or more processors, 
not only residing within a single machine, but deployed 
across a number of machines. In some examples, the one or 
more processors or processor-implemented modules may be 
located in a single geographic location (e.g., within a home 
environment, an office environment, or a server farm). In 
other embodiments, the one or more processors or proces 
sor-implemented modules may be distributed across a num 
ber of geographic locations. 
As used herein, the term 'or' may be construed in either 

an inclusive or exclusive sense. Moreover, plural instances 
may be provided for resources, operations, or structures 
described herein as a single instance. Additionally, bound 
aries between various resources, operations, modules, 
engines, and data stores may be arbitrary, and particular 
operations are illustrated in a context of specific illustrative 
configurations. In general, structures and functionality pre 
sented as separate resources in the examples configurations 
may be implemented as a combined structure or resource. 
Similarly, structures and functionality presented as a single 
resource may be implemented as separate resources. 

While the present disclosure has been described with 
reference to various embodiments, these embodiments are 
illustrative, and the scope of the disclosure is not limited to 
such embodiments. Various modifications and additions can 
be made to the exemplary embodiments discussed herein 
without departing from the scope of the disclosure. For 
example, while the embodiments described above refer to 
particular features, the scope of this disclosure also includes 
embodiments having different combinations of features, as 
well as embodiments that do not include all of the described 
features. Accordingly, the scope of the disclosure is intended 
to embrace all Such alternatives, modifications, and varia 
tions, together with all equivalents thereof. 

Those skilled in the art will understand and appreciate that 
various modifications not explicitly described above may be 
made to the present disclosure and still remain within the 
Scope of the present invention. 

Although the present invention has been described with 
reference to preferred embodiments, persons skilled in the 
art will recognize that changes may be made in form and 
detail without departing from the scope of the invention. 

What is claimed is: 
1. A tongue stimulation device adapted to stimulate a 

tongue of a user, the device comprising: 
a body configured to be placed entirely within a mouth of 

the user and atop the tongue of the user; 
an array of chemical-producing elements distributed on 

the body, wherein each of the chemical-producing 
elements is configured to apply a chemical to an area of 
the tongue adjacent the chemical-producing element; 

a wireless receiver coupled to the body and configured to 
receive stimulation information wirelessly from outside 
the mouth of the user; and 

at least one processing unit coupled to the body and 
configured to transform the received stimulation infor 
mation into a stimulation signal for each of the chemi 
cal-producing elements, and to provide the stimulation 
signals to the chemical-producing elements; 
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wherein at least one of the chemical producing elements 

comprises a degrading polymer configured to degrade 
into at least one chemical that causes a sensation in the 
area of the tongue adjacent the chemical-producing 
element in response to activation by the stimulation 
signal corresponding to the chemical-producing ele 
ment. 

2. The tongue stimulation device of claim 1, further 
comprising: 

an array of electro-tactile elements distributed on the 
body, wherein each of the electro-tactile elements is 
configured to stimulate an area of the tongue adjacent 
the electro-tactile element, wherein at least one of the 
electro-tactile elements comprises; 
an electrical contact configured to contact an area of the 

tongue; and 
at least one capacitor coupling the at least one process 

ing unit to the electrical contact; 
wherein the at least one processing unit is further config 

ured to transform the received stimulation information 
into a stimulation signal for each of the electro-tactile 
elements, and to provide the stimulation signals to the 
electro-tactile elements. 

3. The tongue stimulation device of claim 2, the at least 
one of the electro-tactile elements further comprising: 

at least one resistor in electrical communication with the 
at least one capacitor and the electrical contact. 

4. The tongue stimulation device of claim 1, further 
comprising: 

an array of thermal elements distributed on the body, 
wherein each of the thermal elements is configured to 
heat or cool an area of the tongue adjacent the thermal 
element; 

wherein the at least one processing unit is configured to 
transform the received stimulation information into a 
stimulation signal for each of the thermal elements. 

5. The tongue stimulation device of claim 4, wherein at 
least one of the thermal elements comprises a thermistor 
configured to warm an area of the tongue adjacent the 
thermistor. 

6. The tongue stimulation device of claim 1, wherein at 
least one of the chemical-producing elements comprises an 
ion-conducting polymer configured to increase production 
of ions at the chemical-producing element that arc sensed in 
the area of the tongue adjacent the chemical-producing 
element in response to activation by the stimulation signal 
corresponding to the chemical-producing element. 

7. The tongue stimulation device of claim 1, wherein at 
least one of the chemical-producing elements comprises a 
microfluidic well configured to electrolyze water to cause a 
sensation in the area of the tongue adjacent the chemical 
producing element in response to activation by the stimu 
lation signal corresponding to the chemical-producing ele 
ment. 

8. The tongue stimulation device of claim 7, wherein the 
sensation in the area of the tongue adjacent the chemical 
producing element comprises stimulation of at least one 
taste bud in the area of the tongue adjacent the chemical 
producing element. 

9. The tongue stimulation device of claim 7, wherein the 
sensation in the area of the tongue adjacent the chemical 
producing element comprises paralysis of at least one taste 
bud in the area of the tongue adjacent the chemical-produc 
ing element. 

10. The tongue stimulation device of claim 1, wherein: 
the at least one processing unit comprises a first process 

ing unit; and 
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the tongue stimulation device further comprises: 
a second processing unit configured to be located 

outside the mouth of the user and to generate the 
stimulation information; and 

a wireless transmitter configured to be located outside 5 
the mouth of the user and to transmit the stimulation 
information wirelessly to the wireless receiver. 

11. The tongue stimulation device of claim 10, wherein 
the stimulation information comprises audio information 
corresponding to at least one frequency at which hearing of 10 
the user is impaired. 

12. The tongue stimulation device of claim 10, wherein 
the stimulation information comprises at least one pre 
programmed pattern to normalize a brainwave pattern asso 
ciated with a psychological condition experienced by the 
USC. 

13. The tongue stimulation device of claim 10, further 
comprising a light sensor configured to generate light infor 
mation based on light sensed at the light sensor, wherein the 
second processing unit is configured to generate the stimu 
lation information based on the light information. 

14. The tongue stimulation device of claim 10, further 
comprising a touch sensor configured to generate touch 
information based on contact pressure sensed at the touch 
sensor, wherein the second processing unit is configured to 
generate the stimulation information based on the touch 
information. 

15. The tongue stimulation device of claim 10, further 
comprising a thermal sensor configured to generate thermal 
information based on heat sensed at the thermal sensor, 
wherein the second processing unit is configured to generate 
the stimulation information based on the thermal informa 
tion. 

16. The tongue stimulation device of claim 10, further 
comprising an audio sensor configured to generate audio 
information based on Sound waves sensed at the audio 
sensor, wherein the second processing unit is configured to 
generate the stimulation information based on the audio 
information. 

17. The tongue stimulation device of claim 16, wherein 
the audio information comprises at least one of SuperSonic 
audio information and SubSonic audio information, and 
wherein the stimulation information is based on the at least 
one of SuperSonic audio information and SubSonic audio 
information. 

18. The tongue stimulation device of claim 16, further 
comprising a band pass filter configured to filter the audio 
information generated by the audio sensor to reduce an 
amount of the audio information received at the second 
processing unit. 

19. The tongue stimulation device of claim 16, wherein 
the second processing unit is configured to translate speech 
of a first spoken language represented in the audio informa 
tion generate by the audio sensor into speech of a second 
spoken language, wherein the stimulation information is 
representative of the speech of the second spoken language. 

20. A method for stimulating a tongue of a user, the 
method comprising: 
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24 
receiving, within a mouth of the user, stimulation infor 

mation wirelessly; 
transforming the received stimulation information into a 

stimulation signal for each of an array of chemical 
producing elements to stimulate a corresponding area 
of the tongue through an application a chemical to the 
corresponding area of the tongue; and 

providing each of the stimulation signals to a correspond 
ing one of the chemical-producing elements; 

wherein the corresponding one chemical-producing ele 
ment comprises a degrading polymer configured to 
degrade into at least one chemical that causes a sensa 
tion on the corresponding area of the tongue in 
response to the stimulation signals. 

21. The method of claim 20, wherein the array of chemi 
cal-producing elements forms a physical pattern for optimal 
sensation by the tongue of the user. 

22. The method of claim 20, further comprising: 
generating the stimulation information; and 
determining a sensitivity of each corresponding area of 

the tongue based on the stimulation information; 
wherein a physical pattern of the chemical-producing 

elements for optimal sensation by the tongue of the user 
is identified based on the determined sensitivity of each 
corresponding area of the tongue. 

23. A tongue stimulation device adapted to stimulate a 
tongue of a user, the device comprising: 

a body configured to be placed entirely within a mouth of 
the user and atop the tongue of the user; 

a first array of electro-tactile elements distributed on the 
body, wherein each of the electro-tactile elements is 
configured to stimulate an area of the tongue adjacent 
the electro-tactile element; 

a second array of chemical-producing stimulation ele 
ments distributed on the body, wherein each of the 
chemical-producing stimulation elements is configured 
to apply a chemical to an area of the tongue adjacent the 
chemical-producing stimulation element; 

a wireless receiver coupled to the body and configured to 
receive stimulation information wirelessly from outside 
the mouth of the user; and 

a processing unit coupled to the body and configured to 
transform the received stimulation information into a 
stimulation signal for each of the electro-tactile ele 
ments and the chemical-producing stimulation ele 
ments, and to provide the stimulation signals to the 
electro-tactile elements and the chemical-producing 
stimulation elements; 

wherein at least one of the chemical-producing elements 
comprises a degrading polymer configured to degrade 
into at least one chemical that causes a sensation in the 
area of the tongue adjacent the chemical-producing 
element in response to activation by the stimulation 
signal corresponding to the chemical-producing ele 
ment. 


